V600E mutation is found in ~50% of melanoma patients and BRAF V600E kinase activity inhibitor, vemurafenib, has achieved a remarkable clinical response rate. However, most patients treated with vemurafenib eventually develop resistance. Overcoming primary and secondary resistance to selective BRAF inhibitors remains one of the most critically compelling challenges for these patients. HDAC6 has been shown to confer resistance to chemotherapy in several types of cancer. Few studies focused on the role of HDAC6 in vemurafenib resistance. Here we showed that overexpression of HDAC6 confers resistance to vemurafenib in BRAF-mutant A375 cells. ACY-1215, a selective HDAC6 inhibitor, inhibits the proliferation and induces the apoptosis of A375 cells. Moreover, ACY-1215 sensitizes A375 cells to vemurafenib induced cell proliferation inhibition and apoptosis induction, which occur partly through induction of endoplasmic reticulum (ER) stress and inactivation of extracellular signalregulated kinase (ERK). Taken together, our results suggest that the inhibition of HDAC6 may be a promising strategy for the treatment of melanoma and overcoming resistance to vemurafenib.
Introduction
Melanoma is one of the most aggressive human cancers and its incidence continues to increase worldwide (1) . Although melanoma is one of the most aggressive human cancers, the identification of multiple melanoma driven mutations and improved understanding of cancer immune tolerance checkpoints has led to identification of new therapeutic opportunities for patients (1, 2) . The most common of these mutations is BRAF V600E . It is found in 50-60% of melanomas and successful targeting of the BRAF V600E , such as vemurafenib, has produced amazing clinical responses in patients with melanoma harboring this mutation (3, 4) . Vemurafenib is the first drug approved for the treatment of BRAF-mutant cancer (3) . Unfortunately, the majority of responding patients eventually develop resistance and disease progression, typically within 5-7 months after starting the treatment (5) . Therefore, overcoming the acquired resistance remains a considerable therapeutic challenge to achieve durable responses and prolonged survival in these patients.
A variety of molecular mechanisms have been identified to be involved in acquired resistance to vemurafenib (5) . Unlike acquired resistance to epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors are mainly generated by secondary mutations in EGFR, multiple mechanisms account for the resistance to vemurafenib (6) . These mechanisms include the loss/inactivation of phosphatase and tensin homolog (PTEN) function, deletion of the retinoblastoma protein (RB), elevated expression of the kinases CRAF, amplification of cyclin D1, alternative splicing of BRAF mRNA, activating mutations in NRAS, mitogen-activated protein kinase kinase (MEK), or AKT and persistent activation of receptor tyrosine kinases, including EGFR, IGF1R and platelet-derived growth factor β (PDGFRβ) (7) . The diversity of resistance to vemurafenib implies that BRAF inhibitor resistance can be overcome through broadly targeted strategies that inhibit multiple pathways simultaneously.
Histone deacetylases (HDACs) are a group of enzymes that function by catalyzing the removal of the acetyl groups of both histones and non-histone proteins (8) . HDACs are considered to be among the most promising targets in drug development for cancer therapy (8) . Among the 18 HDACs, HDAC6 has recently sparked great interest as it deacetylates various substrates involved in the regulation of protein trafficking and degradation, autophagy, apoptosis, cell cycle, migration and proliferation (9) . HDAC6 is required for the proliferation and metastasis of melanoma cells and knockdown of HDAC6 decreases proliferation and induces cell cycle arrest of melanoma cells (10, 11) . HDAC6 has also been shown to confer resistance to chemotherapy in many types of cancer (12) (13) (14) . Many pathways involved in acquired resistance to vemurafenib are known to be regulated by HDAC6 (7, 15) . However, the role of HDAC6 in vemurafenib resistance is still unclear.
Here we report that overexpression of HDAC6 confers resistance to vemurafenib in the BRAF V600E melanoma cell line A375. HDAC6 deacetylase activity selective inhibitor, ACY-1215, impairs proliferation and induces apoptosis of A375. Combination use of vemurafenib with ACY-1215 displayed an additive therapeutic effect in BRAF-mutant melanoma cells by inducing ER stress and inactivation of extracellular signalregulated kinase (ERK). Our results suggest that inhibition of HDAC6 may be a promising strategy for overcoming the resistance to vemurafenib in melanoma harboring BRAF V600E mutation.
Materials and methods
Cell culture. The BRAF-mutant melanoma cell line A375 was obtained from the American Type Culture Collection (Manassas, VA, USA). A375 was cultured in RPMI-1640 medium (HyClone) supplemented with 10% FBS and 1% penicillin/streptomycin. Cell proliferation and colony formation detection. A375 cell proliferation was measured at the indicated times by Cell counting kit-8 (CCK-8) kit (Dojindo, Kumamoto, Japan Japan). A375 colony formation was measured by seeding cells in 6-well plates 1,000 per well and were cultured over a 14-day period. Colonies were fixed in 4% paraformaldehyde and stained with 0.1% crystal violet.
Annexin V assay of cell apoptosis. Effects of plasmids or drugs on apoptosis of A375 cells were evaluated by Annexin V/ 7-aminoactinomycin D (7-AAD) assay. Flow cytometric analysis of A375 cells labeled with Annexin V-phycoerythrin (PE) and 7-AAD apoptosis detection kit (BD Biosciences, San Jose, CA, USA) was performed according to the manufacturer's instructions. The rates of cellular apoptosis were acquired immediately on a FACSArial flow cytometer (BD Biosciences). Protein extraction and western blotting. A375 cells were lysed in RIPA lysis buffer (1% Triton X-100, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate and 50 mM Tris-HCl, pH 7.4) with protease inhibitor cocktails and phosphatase inhibitor cocktails from Roche (Mannheim, Germany) on ice for 30 min and centrifuged at 12,000 rpm for 15 min to collect whole cell lysate. Protein extracts were subjected to electrophoresis on a 10% SDS-PAGE gel and transferred onto PVDF membrane (Roche). Then the membrane was then incubated in blocking buffer for 2 h before the addition of the primary antibodies. The secondary antibody used was the horseradish peroxidase-conjugated goat anti-rabbit/mouse secondary antibody (Proteintech). Signals were detected using WesternBright ECL HRP substrate (Advansta, Menlo Park, CA, USA) and developed with Kodak film.
Plasmids and transfection.
Statistical analysis. Statistical analysis was performed with Student's t-test. All analyses were realized by using the statistical software SPSS19.0 (IBM Corp., Armonk, NY, USA). Data are expressed as the mean ± standard deviation (SD). P<0.05 was considered a statistically significant difference.
Results

HDAC6 confers resistance to vemurafenib mediated killing of BRAF-mutant A375 cells.
HDAC6 can confer resistance to chemotherapy in several types of cancer (12) (13) (14) , but the role of HDAC6 in melanoma chemotherapy resistance is largely unknown. HDAC6 has been shown to be overexpressed in melanoma cell lines and tissues (10) . We speculate that overexpression of HDAC6 in melanoma might confer resistance to vemurafenib. As shown in Fig. 1A , overexpression of HDAC6 significantly improved the percentage of viable A375 cells after vemurafenib treatment. We also came to the same conclusion by the colony formation assay (Fig. 1B) . Vemurafenib has been shown to cause apoptotic cell death at elevated concentrations, thus we investigated whether HDAC6 regulates vemurafenib mediated cell apoptosis in melanoma cells. Overexpression of HDAC6 significantly decreased the percentage of apoptotic cells after vemurafenib treatment (Fig. 1C) . A decrease in apoptosis was further evidenced by detection of cleaved PARP and caspase-3 (Fig. 1D) .
ACY-1215, a selective HDAC6 inhibitor, sensitizes A375 cells to vemurafenib. Because HDAC6 confers resistance to vemurafenib, we speculated that the inhibition of HDAC6 might contribute to an increase in the efficiency of vemurafenib in melanoma. To further assess this possibility, we tested the effect of HDAC6 inhibition on A375 using the selective inhibitor ACY-1215. ACY-1215 is the first oral, selective HDAC6 inhibitor in clinical trials and was well tolerated as monotherapy ≤360 mg/day (17, 18) . Unlike non-selective HDAC inhibitors, which are associated with severe fatigue, vomiting, diarrhea and myelosuppression (18) . ACY-1215 offers a therapeutic advantage due to minimal toxicity.
HDAC6 is required for the proliferation and metastasis of melanoma cells (10,11) . However, few studies have focused on the function of ACY-1215 in melanoma cells. We first assessed growth inhibition in response to ACY-1215 treatment in A375. A dose-dependent decrease in cell proliferation was observed (Fig. 2A) . The same conclusion was drawn from the results of the clone formation assay. We noted a significant decrease in clone numbers after ACY-1215 treatment (Fig. 2B) . ACY-1215 also induces apoptosis in A375, as evidenced by increases in the number of Annexin V-positive cells and the cleavage of PARP and caspase-3 ( Fig. 2C and E) . Combination inhibition of apoptosis by pan caspase inhibitor Z-VAD-FMK with ACY-1215 remarkablely improved the percentage of cell viability compared to ACY-1215 alone (Fig. 2D) . To examine whether a cooperative effect exists between ACY-1215 and vemurafenib in the chemotherapeutic treatment of melanoma, we treated A375 cells with ACY-1215 and vemurafenib either alone or in combination. In agreement with our hypothesis, the co-treatment of ACY-1215 and vemurafenib significantly reduced the cell viability compared to vemurafenib alone (Fig. 3A) . We also observed a significant increase of the percentage of apoptotic cells after cotreatment of vemurafenib with ACY-1215 compared to vemurafenib alone (Fig. 3B) . The protein levels of cleaved PARP and caspase-3 also increased after co-treatment (Fig. 3C) .
ACY-1215-induced ER stress plays a role in overcoming acquired resistance to vemurafenib.
Next, we investigated the mechanism by which ACY-1215 contribute to the vemurafenibinduced cell death of melanoma cells. HDAC6 plays a vital role in regulation of degrading misfolded protein through the ubiquitin proteasome system and autophagy (19, 20) . We found that both vemurafenib and ACY-1215 increased the accumulation of polyubiquitinated proteins (Fig. 4A and B) . Moreover, the combination of ACY-1215 plus vemurafenib increased the accumulation of polyubiquitinated proteins compared with either agent alone (Fig. 4C) . Accumulation of polyubiquitinated proteins can induce ER stress (21) . Vemurafenib has been shown to induce endoplasmic reticulum (ER) stress-mediated apoptosis to kill BRAF V600E melanoma cells (22) . Upon ER stress, the sensor PERK is activated and phosphorylates eIF2a (23, 24) . During ER stress, the protein levels of CHOP are also elevated and CHOP functions to mediate programmed cell death (24, 25) . To determine the onset of ER stress in response to ACY-1215, we examined the phosphorylation of eIF2α by western blotting and found that it was rapidly phosphorylated after ACY-1215 treatment (Fig. 4D) . Vemurafenib can also clearly induce ER stress as previously reported (Fig. 4C) . Combination treatment of vemurafenib and ACY-1215 significantly increased the phosphorylation of eIF2α and protein levels of CHOP. Taken together, these results indicate that ACY-1215 induced ER stress plays a role in overcoming resistance to vemurafenib.
HDAC6-mediated ERK activation partly accounts for its oncogenic role in melanoma.
Hyperactivation of the RAF-MEK-ERK signaling pathway plays a vital role in tumorigenesis of BRAF-mutant melanoma (26) . RAF kinase directly phosphorylates MEK, which in turn phosphorylates ERK to promote cell proliferation and to inhibit apoptosis (27) . Vemurafenib blocks ERK phosphorylation to inhibit proliferation of BRAF-mutant cells (3, 22) , this was also confirmed in our experiment (Fig. 5A) . HDAC6 can induce ERK hyperactivation in Madin-Darby canine kidney (MDCK) and HEK293T cells (28) . Overexpression of HDAC6 also increased ERK activity in A375 cells (Fig. 5B) . Conversely, ACY-1215 decreases the phosphorylation of ERK in a dose-dependent manner (Fig. 5C) . Moreover, overexpression of HDAC6 increased ERK activity after vemurafenib treatment (Fig. 5D) . We found that the activation of ERK was inhibited by the combination of ACY-1215 and vemurafenib compared with the administration of either inhibitor alone (Fig. 5E ). Taken together, our results show that inhibition of HDAC6 sensitizes A375 cells to vemurafenib partly via inactivation of ERK.
Discussion
In this study, we addressed whether inhibition of HDAC6 can sensitize BRAF-mutant melanoma cells to vemurafenib (PLX4032). Overexpression of HDAC6 confers resistance to vemurafenib in A375 cells. Inhibition of HDAC6 by a selective inhibitor, ACY-1215, sensitizes A375 cells to vemurafenib mediated proliferation inhibition and apoptosis induction. Moreover, ACY-1215 mediated ER stress induction and ERK inactivation might play a role in overcoming acquired resistance to vemurafenib.
Immune checkpoint blockade by directly targeting programmed death 1 (PD-1) with monoclonal antibodies has gained great success in clinic in patients with advanced melanoma (29, 30) . PD-1 can negatively regulate the effector phase of T-cell responses after ligation of PD-1 ligand 1 (PD-L1), which plays a vital role in the ability of tumor cells to evade the immune system (31). Therefore, cancer tissues can limit the host immune response via upregulation of PD-1 ligand (PD-L1) and its ligation to PD-1 on antigen-specific CD8 + cells (31). However, not all patients respond equally to this treatment (32) . There is an urgent need to identify new potential therapeutic adjuvants to improve immunotherapeutic efficiency towards melanoma (33) . Some HDACs have been shown to function as modulators of the immune response (33) . Among them, HDAC6 recently sparked great interest as the inhibition of HDAC6 can downregulate the expression of PD-L1 in primary melanoma samples and cell lines (33) . Woan et al also showed that targeting HDAC6 can enhance antitumor immunity in melanoma cells (11) . Therefore, HDAC6 might also exert oncogenic functions by mediating immune escape in melanoma. Combination use of HDAC6 inhibitors and PD1 inhibitors might further benefit melanoma patients. HDAC6 inhibitors are being tested in clinical trials in combination with nivolumab (PD1 blocking antibody) in patients with unresectable non-small cell lung cancer (NSCLC) (https://www.clinicaltrials.gov/, ClinicalTrials.gov Identifier:NCT02635061).
Prahallad et al reported that feedback activation of EGFR mediated by BRAF V600E inhibition might contribute to unresponsiveness of colon cancer to vemurafenib (34) . Corcoran et al proved that EGFR-mediated reactivation of MAPK signaling contributes to resistance to vemurafenib in colorectal cancers (35) . HDAC6 regulates EGFR endocytic trafficking and degradation (36, 37) . HDAC6 has been shown to confer resistance to chemotherapy through stabilization and activation of EGFR (13, 38, 39) . Therefore, HDAC6 might also confer resistance to vemurafenib via regulation of EGFR stabilization and activation. Pharmacologic inhibition of heat shock protein 90 (HSP90) can abrogate both acquired and intrinsic vemurafenib resistance by restoring apoptotic response (7). Many proteins involved in vemurafenib resistance, including mutated BRAF, CRAF, cyclin D1, IGF1R, AKT and CDK4 are known to be regulated by HSP90 (7) . HDAC6 can directly regulate HSP90 chaperone activity through deacetylation of HSP90 (15) . Therefore, HDAC6 can also confer resistance to vemurafenib via regulation of HSP90 activity. Autophagy inhibition improves chemosensitivity in BRAF V600E tumors (40) . HDAC6 regulates autophagosome maturation and inhibition of HDAC6 has been shown to sensitize cancer cells to chemotherapy by inhibiting autophagy (20) .
In conclusion, we found that HDAC6 confers resistance to vemurafenib in BRAF-mutant melanoma and that inhibition of HDAC6 impairs the proliferation of BRAF-mutant melanoma. Moreover, the HDAC6 inhibitor sensitizes BRAF-mutant melanoma cells to vemurafenib-induced cell proliferation inhibition and apoptosis induction, which occur partly through induction of ER stress and inactivation of ERK. Therefore, inhibition of HDAC6 might be a potential strategy for treating melanoma and overcoming resistance to vemurfenib.
